Abstract: Many problems that are encountered in regards to water balance and resources management are related to challenges of economic development under limited resources and tough competition among various water uses. The development of major infrastructure like airports in remote areas that have limited water resources is becoming a common problem. In order to overcome these difficulties, water management has to articulate and combine several resources in order to respond to various demands while preserving the ecological quality of the environment. The paper discusses the interest in implementing the Smart Water Grid concept on Yeongjongdo Island, which is the location of Korea's main airport. This new concept is based on the connection of various water resources and their optimized management with new information technology solutions. The proposed system integrates water generated through rainfall, external water resources (i.e., metropolitan water distribution system), gray water and other types of alternative water resources. The paper analyses the feasibility of this approach and explores interest in the Smart Water Grid concept.
Introduction
As in many Asian countries, Korea is facing the challenge of achieving economic development with limited water resources. Superficial water resources that are closely linked to annual climatological conditions characterize the Korean peninsula. The Korean water resources' environment is rapidly changing with climate evolution. Rainfall patterns have changed during recent decades and have become more intense and concentrated [1] [2] [3] [4] [5] . Under these new conditions, rainfall over the central area is increasing whereas in the southern part it is decreasing [6] . This new situation, combined with economic development, has led to water problems such as water shortage and water distribution cutting off for some municipalities. Under such a difficult situation, tough competition has arisen for various water uses; industry, agriculture and domestic being the most preeminent uses. At the same time, the country requires the development of modern infrastructure such as highways and airports. During recent years, due to the limited availability of space, major infrastructure like the Songdo area [7] or the Saemangum project [8] in located in estuarine tidal flat areas of the west coast. In such new environments, which are densely populated and are associated with major services like airports, the competition for water is particularly high because no local resources are available to meet demand. The development of such major projects requires importing or producing water resources. Obviously, such an approach is associated with high costs that are closely linked to production techniques and to the necessary network infrastructure.
The new challenges created by these new environments mean call for the development and implementation of a new paradigm for water supply and treatment. The new development approach has to optimize the water production and distribution process with maximum efficiency. In such an approach, information and communication technologies (ICT) have a major role to play especially for monitoring actions that are requested at each step. At the same time, the production of water for new services has to be achieved in a global context where such new production will not impact other services and/or the natural environment. This approach is fully in line with the concept of Integrated Water Resources Management (IWRM) [9] [10] [11] [12] . The IWRM concept aims to maximize the economic and social welfare in equitable terms without compromising the sustainability of vital ecosystems, including human ecosystems, by promoting the well-coordinated development and management of water resources. IWRM approaches involve applying knowledge from various disciplines as well as the insights from diverse stakeholders to devise and implement efficient, equitable and sustainable solutions to water and development problems. As such, IWRM is a comprehensive, participatory planning and implementation tool for managing and developing water resources in a way that balances social and economic needs, and that ensures the protection of ecosystems for future generations. In such an approach, ICT solutions can play a key role for implementing the concepts of IWRM and achieving the sustainable use of water. However, the use and implementation of ICT has to be done carefully by targeting the most demanding and relevant domains of the water cycle. In order to identify which and how ICT solutions can be implemented, it is necessary to look at the water cycle through an approach based on functional domains and business processes. This methodology allows considering each action involved in resource management and identifying the potential ICT needs [11, [13] [14] [15] [16] .
The paper focuses on new concepts and associated methodologies that are required for assessing water demand in high development areas which have insufficient resources, and for achieving sustainable water uses. In such difficult environments, and under the pressure of economic development, the concept of Smart Water Grid appears as a major concept that may potentially integrate the various dimensions of the problem and provide a relevant operational approach. Obviously, the main concept is built around the possibility to mobilize various resources in order to answer to the demands and to optimize resources with ICT methods and tools that could be mobilized in monitoring and operating activities. This approach is related to the concept of hydroinformatics that introduced modeling and simulation systems to the water domain. After presenting the new concepts, the paper concentrates on the assessment methodology that is required for introducing the Smart Water Grid approach. The approach is then applied to the Yeongjongdo Island that is the location of the Seoul International airport-one of the largest logistic infrastructures in the world-and several new urban development areas. On this island, the local water resources are insufficient for satisfying demand and a water grid has to be implemented. The design of this water grid is based on a systematic assessment (Figure 1 ) of the various water uses that have to be conciliated on the island. 
The Smart Water Grid Alternative
The water distribution environment in urban areas is not exactly "grid" oriented, because the current system of water distribution is not broadly measured in real-time base usage and supply. Moreover, the current system focuses mainly on separating drinking water and non-drinking water. Without a large set of data collected through real-time measurement over the long term, it cannot be described as "grid" basis management. The concept of "grids" in water distribution can be defined when overall purposes of water usage in a region, such as drinking tap, gardening sprinkler, surface washing water, toilet flushing, industrial, recreational and agricultural water, are connected and integrated as data to manage [17] . The concept of "grids" in water management is summarized in Figure 2 . The Water Grid concept is a well-known approach that has been introduced gradually to water distribution networks in order to ensure capacity and increase security of customers. The basic idea is to use several resources that are interconnected to the network. The approach was promoted with the gradual extension of the networks and with the necessity to overcome the risk of failure. The use of a single resource has several risks such as the water supply distance and water quality. Therefore, this idea to combine different resources has gradually emerged. In the actual networks, the system has been improved with resources that combine fresh surface water (river water, lake water, etc.), groundwater and potable water produced from the sea through desalinization plants or even recycled waste water. At the same time, the diversification of the resources allows reducing the mobilisation of external resources which are located outside of the catchment and which are mobilized at high cost due to the need for network infrastructure [18] .
The implementation and the management of the water grid requires efficient management-operation optimization mainly-that is much more complex than the traditional approach which is based only on a single resource point. The possibilities offered by information and communication technologies (ICT) and especially by the new generation of sensors combined with the communication network allow to monitor, in real time, the quality of the resources, to optimize the distribution operations and to ensure the security of consumers. The introduction of ICT solutions to the water domain represents an opportunity for both improving the management of the water grids and enlarging the mobilisation of various resources for a more sustainable management [19] . The concept of water grid is then enlarged to the smart water grid approach where ICT solutions have a key role to play [20] The concept of grid combined with usage of ICT for water management can define the new concept of "Smart Water Grid". The new approach could be used both to ensure security of water distribution and to increase reliability with a combination of several resources [21] .
Climate change must be considered in relation to the activities and cycle above. Moreover, in the past, to make additional headspring, expanded facilities have mainly been utilized, and climate change was not considered. This study focused simply on the water supply system and unity water treatment system. Therefore, one integrated and effective water management with low-energy and high-efficiency is needed. The Smart Water Grid (SWG) can make use of local IT skills at a global level to solve this problem, which can lead to the generation of a green water industry.
To overcome the limitations of the existing water resources management system, the SWG was developed, which is an intelligent water management system, combined with the most up-to-date ICT. The SWG project is a technology development organization aimed at combining water business (water) with information business (smart) and infrastructure business (grid), and bridging the gap of water resources. The ultimate goal is to achieve water quality and water safety using low energy and with high-efficiency, while dealing with climate change. This relies on the following: technology assuring and distributing regional and temporal safe water resources that considers climate change; a water balance assessment and automation of water supply in the area (grid); technology for water supply assessment and management; two way (importing and exporting data) real time optimal operation technology; ensuring all essential technology is combined with ICT integrated water resources technology.
Furthermore, the applied technology must fare well with local conditions. In the near future, the SWG package will be applied as a micro unit (apartment complex, building, etc.) in developing countries.
Innovation in ICT is driven by uninterrupted progress in hardware performance for processing quantities, storing data and growing network capabilities, and wired and wireless technology. A recent example is the use of the sensor for determining physical, chemical and biological quantities, as well as qualities, that when integrated into communication and networking, opens the door to valuable insights on the Internet of Things [21] . The ability to interact with objects can be altered remotely based on the immediate or present needs, in accordance with the existing end-user agreements.
In this paper, the Smart Water Grid concept is implemented in an artificial environment which is used as support for a major infrastructure-airport-and where very limited water resources are available. Obviously, those resources can not cope with the demands, and a global strategy, optimized and based on multiple sources, has to be defined and implemented. This strategy starts from measuring and analyzing the data on water to check the water quantity and quality for assessing and securing water balance for each water use.
The first area of concern when applying a model is a general and very detailed procedure for producing a mandatory result. To meet the objectives of this study, the result must be a balance of water regardless of whether it is sufficient or not. Figure 3 presents the general framework of the modeling system. Table 1 lists the modules necessary to cover the integrated modeling framework described above. This system basically provides a water balance with the total water resources available and the total water demand. This is purely a quantity wise water balance that can occasionally provide the state of the water balance as sufficient, regardless of the water use, that needs to secure a sufficient water quality, such as drinking water. Therefore, the quantity of each water resource produced from modeling or user specification is available to be chosen to meet demand for different purposes of water use. For example, ground water, desalinated sea water and stream water can be used for all water uses but, collected rain water at the retention pond, treated waste water and gray water can be used only for agricultural purposes and partially for industrial activities unless the water is used as a material of a food product. On the other hand, the description from the example above is not always the truth but the above may be generally assumed because water quality of sources is always varying and it occasionally depends on the water treatment method. In addition, there is another issue regarding the quantity of water from the source. Sometimes, a source in the domain can supply very little water and requires a huge pipe line and treatment facility, which can often be the case. Moreover, the source may be excluded from the selection unless it is the only source to take water from. Therefore, this module allows the users to specify each source that is used and the purpose of water use.
The fundamental concept of smart water management systems starts with a global water balance assessment by making a comparison between water resources available and predicted water demand. This mainly uses calculated values through modeling and monitoring, however, the data from additional water resources such as collected rainwater, groundwater and water produced through desalinization and purification processes (in case of reuse of waste waters) should be collected separately. The basic equation to preserve the water balance can be performed as Equation (1) ) is water resource available through smart water treatment plant that can supply non-drinking water if it is not an emergency stage.
Strategy for Smart Water Grid Implementation
Water supply in an area with limited resources, such as an island, starts from the water intake station. The water intake station is managed by law or regulation for public health to conserve the quantity and quality of water. The water from the intake station is treated through the water purification plant with the quality of drinking water. It is a simple water utilization in which water is supplied to the consumers and goes to waste water treatment plant after usage. However, the water will be treated as drinking water at the water purification plant which mainly is located outside the region. It is occasionally coming through the unique pipeline installed by the official water distributor. This situation is obviously at risk because there is no alternative water for emergency state of water supply system. The basic system for water supply in a typical area can be illustrated as Figure 4 . Mainly, the water from the water distribution system is supplied to the target grid by storing it in the water storage reservoir and each grid should have its own reservoir to make the water supply more stable, as shown in Figure 5 . Water storage reservoirs have their own capacity to buffer the water cutting off problem and they must cover the water supply for 6-24 h at an emergency state, without any external water supply. The water purification plant provides water with the right quality level for drinking use. However, the purpose of water use is not just limited to drinking water, because consumers prefer to use purified water also for all domestic and commercial uses such as gardening, washing, toilet flushing and so on, as summarized in Table 2 [22] . Table 2 , the proportion of drinking water use in total domestic water demand is only 15%. Therefore, a water storage reservoir can supply drinking water for more days if it is possible to secure alternative water resources for non-drinking purposes. By separating water supply, the water distribution system with limited water resources can be re-illustrated as Figure 6 for emergency state. In an ordinary state of affairs, alternative water resources, such as rain water stored in retention ponds, stream and ground water, supply non-drinking water for agricultural usage, public gardening and public washing. The official water distribution system supplies domestic water as usual. However, if an accident occurs in the water distribution system's area, the water storage reservoir stops the water supply through valves and the alternative water resources treated a through simple water treatment plant will start providing non-drinking purpose domestic water with the consumer's approval. The drinking water must be provided through a restricted water supply way, such as bottle delivery or operating water wagons. The best way for emergency water distribution is to secure water treatment plants which can produce drinking quality water. However, it is difficult and costly to establish a facility to produce drinking water, unless a well-managed water intake station is secured. The improvement concept can be re-illustrated as a water loop which must be more efficient in supplying water, as shown in Figure 7 . In this water loop concept, without installing additional pipe line, ordinary water supply and alternative water resources can share the facility to achieve the fastest reaction to accidents. This improved system proposed above is complicated comparing to the current system. Thus, it is necessary to make a control system to monitor the states of water and to make an action plan. The current system as shown in Figure 5 is not sufficient. This study developed a system for improved water distribution system control.
If the value of WB in Equation (1) is more than zero as ordinary state of water supply, the system shows only a general state of water cycle in the target area and this general procedure in the ordinary water supply system is illustrated in Figure 8 . The concept of water distribution is basically the same as the current system, but the control system is added and the use of alternative water resources is included.
However, if the value of WB in Equation (1) is less than zero by cutting off water supply because of accident or drought, it is an emergency state and it is necessary to secure water to further supply it to customers. The system shows the emergency warning message at the place in distress and the general procedure should be changed for the emergency water management mode illustrated in the Figure 8 with abnormal state detection. As the concept described above shows, the drinking water can be supplied through the water storage reservoir and the alternative water resource can only supply non-drinking purpose domestic water unless the water treatment facility to produce drinking water is prepared. The smart water treatment plant is simply producing non-drinking purpose water through minimized water treatment procedures. The system tries to send messages to the consumers to inform them about the non-drinking purpose water supply. 
Application to Yeongjongdo Island
Incheon International Airport (IIA) is the largest airport in South Korea, the primary facility serving the Seoul Capital Area, and one of the largest and busiest airports in the world. For nine years in a row (2005-present), it was rated the best airport worldwide by Airports Council International. Located 48 km west of Seoul, the capital and the largest city of South Korea, IIA is the main hub for the major Korean airline companies and serves as a hub for international civilian air transportation and cargo traffic in East Asia. The IIA is also currently Asia's eighth busiest hub in terms of passengers, the world's fourth busiest facility for cargo traffic, and in 2013 was the world's ninth busiest airport in terms of international passengers with more than 40 million international passengers. The IIA is located on Yeongjongdo Island as shown in Figure 9 .
Incheon International Airport is located west of Incheon's city center, on an artificially created piece of land between Yeongjong and Yongyu islands. The two islands were originally separated by shallow sea. That area between the two islands was reclaimed for the construction project, effectively connecting the once separated Yeongjong and Yongyu islands. It is connected to the mainland by major infrastructure like expressways and bridges. With the completion of phase 2 of the development project, the airport will have an annual capacity of 410,000 flights, 44,000,000 passengers, and nearly 4,500,000 metric tons of cargo. A new development phase will start in 2017 and will engage the final phase up to 2020. Upon completion, the airport will have two passenger terminals, four satellite concourses, 128 gates, and five parallel runways (one exclusively for cargo flights). It will be able to handle 100 million passengers and 7 million metric tonnes of cargo annually, with further possible expansions. The airport is projected to be transformed into one of the top 10 busiest in the world by 2020. Associated to the airport development, several large new towns are under construction or under inception phase. Those new urban developments will significantly increase the population living on the island. Obviously, local water resources cannot cover the demands of the airport and of the new urban environments. For the time being, fresh water is coming from the water purification plant located in Incheon city and is reaching the island by pipes. There are actually currently no challenges in the water supply system. However, the designed systems present some potential risks of failure under specific situations. Large proportions of water resources in Korea rely on river fresh water. In the Youngjongdo Island, tap water is provided by the water purification plant which is directly pumping water from the Han River. The water supply system for the island is based on this unique resource without any alternative option that may be required in case of equipment failure, drought or accidental pollution. Therefore, if an accident occurs at the main water pipe in the sea, no other water alternative is available on this island, as shown in the Figure 10 .
On Yeongjongdo Island, the current population is 52,300 and the total area, including reclaimed land, is 116 km to public space and other purposes [24] . The annual rainfall is 1412 mm, annual average air temperature is 12.5 °C and the number of annual average rainy days is 115 days [25] .
The chosen scenario is an accident at the water pipe coming across the sea. This scenario can be assumed easily and it is simple, however it can be a huge problem since the sub marine pipeline is the only way to transport drinking water for the island itself and the airport. The pipe is 2.3 km long and its current capacity is 155,000 m For the application of the suggested approach, the island is divided into two different zones that correspond to two water grids as presented in Figure 11 . The alternative water resources to be considered in this study are also illustrated in Figure 11 . The first grid is located on the eastern part of the island. This grid includes Yeongjong district which used to be a traditional island before the reclamation projects, Yeongjong Sky City, Unbuk new town and Airport new town. The second grid is the western part of the island including the Incheon International Airport Yongyu district and Muui district. There are six reservoirs under operation or planned under the on-going developments. However, these reservoirs under planning or construction will be completed in the target year (i.e., year 2025). Ground water and gray water are being used as minor water resources.
The analysis includes wastewater treatment plants planned and under construction. Therefore, if an accident occurs, the water resources available can be summarized as described in Table 3 . However, if there is no facility for water treatment and distribution, ground water and gray water can only be supplied for a very limited area. In such case, the only available water corresponds to the volume stored in the reservoir. Although the accident occurred, the water demand for the area cannot be easily reduced unless the number of water consumers drops significantly. Therefore, water consumption at each grid can be described as shown in Table 4 . The first priority is, obviously, to provide drinking water. The agricultural water demand can be met with non-drinking water under specific conditions and awareness procedures. Even if the drinking water is the main priority, the stored resources are not sufficient to provide a full day consumption. In such situation, multi water sources have to be considered.
Results and Discussion
This study demonstrates that the water distribution was improved through the concept of "Smart Water Grid" applied on an island area with limited water resources. Alternative water resources data from modeling work and data collection is applied for this case study. This section shows the results from the demonstration of "Smart Water Grid" implementation in terms of securing water resources similarly to the IWRM case in a compact region and discusses using this concept in the real world and suggests further studying it in different research fields.
The first step of the demonstration is a water balance evaluation. Data sets on water resources and demand analyzed in the section above are used for the implementation. The multiple water resources from the Yeongjongdo Island as study area are analyzed at different spots such as:
 A reservoir and three retention ponds which are able act as both water source and water storage;  Two streams which flow to the sea and that may provide resources only after intense rainfall events. The volumes of the streams cannot be used without additional storage facilities.
Water sources of the eastern grid were analyzed at four different areas, such as a reservoir and a retention pond, which can be both a water source and water storage, and two streams that flow to the sea and are available only when intensive precipitation occurs. Therefore, it is basically impossible to use the water from streams without an additional storage facility. In addition, it is also necessary to consider the possibility of using the Unbuk reservoir because the quantity of water resource is small compared to other sources.
Basically, the maximum quantity of each water source can be estimated by the accumulated water volume. If it is possible to keep the water through infinite storage, the total quantity of water from local sources can be more than enough to cover the total water demand, as shown in the simple water balance assessment summarized in Table 5 . Water sources of the western grid are analyzed at two different spots as two retention ponds which are able to act as both a water source and water storage. However, there is one more matter to be considered in regards to these retention ponds, which are pretty close from the airport, because the major purpose of the retention pond is to prevent flood disaster at the airport, a very important infrastructure under national protection. Also, those spots cannot store much water because of the birds which are harmful for airplanes and will come if there is water and fish. Therefore, it can never be fully stored and those matters should also be considered.
Similarly, in the eastern grid, the maximum quantity of each water source can be estimated by the accumulated water volume. If it is possible to keep the water through infinite storage, the total quantity of water from local sources would be more than enough to cover the total water demand as determined through a simple water balance assessment which is summarized in Table 6 . However, as describing the characteristics of water sources, the water is basically flowing into the sea and there must be additional facility to store and to treat water sources. The suggestion of this study is to apply the smart water loop to secure emergency water which can be distributed if the water from external water purification plant cannot be inflowed in the study area. It addition, this system should also include the smart water treatment plant to maximize use of internal water resources according to a variety of water purposes. Water consumption spots would share the water reservoirs for optimal distribution for drinking water. Additionally, the smart water treatment plant producea water and blenda the produced water appropriately into reservoirs in emergency states for non-drinking domestic water. The blended water can be supplied to the consumers through the water loop system. Figure 12 shows the concept of smart water distribution plan suggested in this study. This scenario considers the water supply during an emergency state with only a minimized water treatment for non-drinking purposes from multi water sources in the study area. Two water loops at the east and west are considered to be connected to the current water distribution system and the highest priority for water supply is the water supply to the airport, to maintain the function of this important infrastructure.
Therefore, if the accident can be fixed within a few days, a restricted water supply is not applied to the airport. On the other hand, if the emergency state is for a longer time, drinking water should be provided at drinking fountains installed at several places in the airport. The domestic water demand has been calculated to be 12,918 m 3 /day and the water demand for the airport has been determined to be 27,700 m 3 /day. According to a previous study, only 15% of domestic water is used for drinking and cooking purposes. Therefore, it is possible to assume the amount of daily domestic water to be provided as drinking water quality is 1938 m 3 /day. In addition, half of the airport water demand is occasionally provided through an internal water treatment plant installed in the airport as gray water supply; hence, the necessary quantity of airport water supply for drinking water was determined to be 13,800 m 3 /day. Therefore, the total drinking water demand with the consideration of fully supplying the airport water demand and a restricted water supply for domestic water as supplying only drinking water could be determined to be 15,738 m 3 /day. The quantity of drinking water stored in the water storage reservoir in the whole island is 120,000 m 3 . Therefore, if the action plan described in Figure 8 can be properly arranged, the maximum days to supply drinking water without an external water supply in Yeongjongdo Island is 7.6 days. Therefore, it is necessary to provide additional plans, such as the operation of water wagons and water bottle services if a longer period is needed to fix the water supply interrupted by accident or short-term drought.
In terms of water quality, multiple water sources in the Yeongjongdo Island show the value of BOD less than 5.2 mg/L at the north reservoir and much less at the others. Thus, it is appropriate to be used as non-drinking water such as agricultural water, gardening and surface wash off. Therefore, treated water in the water storage reservoir can be used for drinking purposes and maintaining the proper functioning of the international airport.
This system was suggested without considering the additional water treatment plant; however, the best solution is installing additional water treatment plants with minimum investment of budget. Therefore, it is necessary to continue this study further exploring water quality and water treatment technology.
Conclusions
This study developed an improvement on urban water cycles, especially for areas with limited water resources, such as an island region, through new water management technologies and a water balance assessment model. This study was carried out through several scenarios with future estimations for the Yeongjongdo Island and the following conclusions were made:
(1) This paper discussed "Smart Water Grid" technology to improve the water cycle in urban areas, especially regions with limited water resources, such as islands, integrated with information communication technologies (ICT) for water management. This study focused on a water distribution system to achieve more stable sustainable water distribution. The approach of "Smart Water Grid" helps handling the overall water cycle.
(2) In terms of the "grid" of water management, it is necessary to consider the general water distribution system while balancing the potential water use purposes in the region. Thus, this study tried to connect simple modules to calculate and manage the water sources to include the water in the water cycle as an alternative water resource. The "grid" water management with "Smart Water Grid" drives the water cycle with an optimal use of combined resources and to be operational everywhere. (3) An improved water supply system with minimum changes to the existing system is suggested as a type of water loop. Although the system is simply connected among the water supply facilities, such as reservoirs, streams and treatment plants, it can be powerful in terms of water supply if operation with ICT based system can be secured. Moreover, this system can be more efficient if it is applied in a new town with new supply systems, with SWG implementation from the planning phase. (4) This study developed and applied a scenario for a water shortage problem at the real area to demonstrate that this system can be effective for water cycle improvement. Thus, the Yeongjongdo Island, where the international airport is located, is selected as the target area and this study assessed the water balance considering different scenarios and suggested a smart water management system which can cover potential risks of the current water distribution system.
